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Abstract The non-isothermal crystallization behaviors of
long chain branched isotactic polypropylene (LCB PP), dy-
namically vulcanized LCB PP/ethylene-propylene-diene
monomer (EPDM) blends at various weight ratios were inves-
tigated by DSC, rheology and optical microscopy. LCB PP/
EPDM blends were found to show a different crystallization
behavior in comparison with linear PP/EPDM blends, show-
ing a minimum in the peak temperature of crystallization with
increasing the content of EPDM while the latter showing a
maximum. The nucleation and the crystallization kinetics of
PP were induced and accelerated by long chain branches and
EPDM. The acceleration of crystallization kinetics of LCB PP
induced by LCB structures was attributed to the grafted effi-
cient nucleation agent. The influence of EDPM on the crys-
tallization combines the effects of enhancement and retarda-
tion, depending on its content in the blends. Based on the
thermodynamics theory of crystallization, a modified crystal-
lization model was developed to reveal the crystallization
mechanism of LCB PP/EPDM blends.
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Introduction

Thermoplastic elastomers (TPEs) based on isotactic polypro-
pylene (iPP) and ethylene-propylene-diene monomer
(EPDM) have been widely used in the industries in recent
years. iPP and EPDM are considered to be strictly immiscible
because of the poor interfacial adhesion between them [1-3].
The lack of compatibility results in poor properties and limits
the scope of applications of such blends. It has been reported
that the compatibility of iPP and EPDM can be improved by
dynamic vulcanization [1, 2, 4]. Some relevant investigations
have been carried out involving the mechanical and thermal
properties [5—7], microstructures [5, 6, 8, 9] and crystallization
behaviors [10] of the dynamically vulcanized iPP/EPDM
blends. These blends can be melt-processed like thermoplas-
tics and exhibit elasticity similar to that of normal vulcanized
rubbers.

In comparison with unvulcanized blends of iPP/EPDM, the
mechanical properties of dynamic vulcanized blends of iPP/
EPDM, including hardness, yield stress, Young’s modulus,
percentage elongation, impact strength, flexural strength and
flexural modulus, were found to display higher values [11].
These properties are mainly attributed to the specific micro-
structures in the blends, which consist of a continuous iPP
matrix with small vulcanized EPDM component dispersed
throughout the matrix. The crosslinking of the EPDM parti-
cles stabilizes the morphology of the blends. The increased
interfacial adhesion permits the interaction of the stress con-
centration zone developed from the elastomer particles under
deformation, and promotes shear yielding in the PP matrix. A
small amount of PP/EPDM graft copolymers are produced by
the coupling of radicals during the vulcanization process [4,
11].

Crystallization behavior of TPEs is essentially related to
the mechanical properties of the materials. The existence of
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EPDM is believed to have a complex influence on the crys-
tallization behavior. Although the thermal properties of the
blends are largely governed by crystalline iPP since EPDM
is an amorphous polymer, the EPDM component affects the
nucleation and growth of the iPP crystals through the interac-
tion between them [2, 12]. The incorporation of the EPDM
into iPP spherulites influences the spherulitic morphology by
changing their size and number. Thm et al. [12] observed a
decrease of the spherulitic size as a result of addition of EPDM
in both unvulcanized and dynamic vulcanized iPP/EPDM
blends. Wenig and Asresahegn [13] and Manchado et al.
[14] found that due to the decrease in the interfacial free en-
ergy and the heterogeneous nucleation at the EPDM surfaces,
the nucleation density of PP increased with increasing the
content of EPDM in a large range. Some investigations indi-
cated that EPDM acted a nucleant agent in unvulcanized [14]
and dynamic vulcanized iPP/EPDM blends [11].

Branched, lightly crosslinked chain structures of iPP in-
duced by Dicumyl peroxide (DCP) may also play a role of
nucleating agent in the crystallization process of PP [15]. Pre-
viously we reported that the introduction of long branched
chains (LCBs) onto the backbone of iPP affected the crystal-
lization behavior of iPP significantly [16, 17]. LCB structures
benefit for the nucleation thus accelerating the crystallization
process of iPP [16—19]. Carreau et al. also found that the
addition of long chain branched polypropylene (LCB PP) to
the linear PP caused a significant increase in the crystallization
temperature of the blended samples [20]. Similar behaviors
have also been reported for other crystalline polymers having
long branched chain structures, such as LCB polylactide [21,
22] and LCB polycarbonates [23].

Few studies have explored on the crystallization behavior
of dynamically vulcanized long chain branched iPP (LCB
PP)/EPDM system. Detailed effects of both LCBs and EPDM
on the nucleation and the crystallization kinetics of PP still
remain unclear. The acceleration of crystallization kinetics of
LCB PP could be induced by the long chain branches (LCBs)
structures. In the present work, dynamically vulcanized LCB
PP/EPDM blends were prepared and their non-isothermal
crystallization behaviors were revealed in comparison with
that of the dynamically vulcanized linear iPP/EPDM blends.

The final properties of the semi-crystalline polymers and
polymer blends depend on the content of crystalline phase and
the morphology formed during processing. The ability to
model the crystallization process of polymer is essential not
only to produce better quality products but also to streamline
the manufacturing process. Several analytical methods have
been developed to describe the non-isothermal crystallization
kinetic of polymers [24-34]. All of these models are derived
from the isothermal crystallization kinetics equation, the
Avrami equation. Rao and Rajagopal proposed a general qui-
escent crystallization model, based on thermodynamic theory
of crystallization kinetics [35]. Rao model achieves good
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simulation for the non-isothermal crystallization of semi-
crystalline polymers; however, it ignored the interfacial ener-
gy between the amorphous phase and crystalline phase in their
theoretical derivation. For semi-crystalline polymer/
amorphous polymer blends, this interfacial energy cannot be
ignored. In the present work, taking the heterogeneous nucle-
ation into consideration, a modified Rao model was proposed
and the non-isothermal crystallization of the dynamically vul-
canized LCB PP/EPDM blends was thereby simulated by this
modified model. The combined effects of LCBs and EPDM
on the crystallization kinetics of PP, and the possible crystal-
lization mechanism were also discussed.

Experimental section
Materials

The materials used in this work were listed in Table 1. EPDM
was kindly provided by Dow Chemical Company, Shanghai,
China. 2,5-Dimethyl-2,5(tert-butylperoxy) hexane peroxide
and pentaerythritol triacrylate (PETA), a kind of multifunc-
tional monomers, were used to prepare LCB PP. DCP was
used to prepare dynamically Vulcanized LCB PP/EPDM
Blends as a crosslinking agent. In addition, an antioxidant
(trademarked as Inganox 1010) obtained from Ciba Specialty
Chemicals Corporation, Switzerland, was used to stabilize the
iPP samples during the preparation of LCB PP.

Preparation of LCB PP

LCB PP was prepared by modification of the abovementioned
commercial iPP through the reactive extrusion processing in a
twin screw extruder, equipped with a screw diameter of
25 mm and a length/diameter ratio (L/D) of 41 (ZE 25A,
Berstorff GmbH, Germany). The extrusion temperature was
set at 180 °C and the rotational speed of the twin screw ex-
truder was 150 rpm. The prepared details have been discussed
in our previous work [16, 36]. The topology structure of LCB
PP was star shape with entangled polypropylene branches.
The component ratios of samples were listed in Table 2. The
weight fraction of LCBs in LCB PP sample was 0, 0.06, 0.33
and 0.37, respectively [16]. PPO was the linear iPP. PP-1, PP-2
and PP-3 were physically mixed blends of PP and PETA,
tested as control samples. Purified LCB PP samples were ob-
tained by dissolving PPO, PP1, PP2 and PP3 in xylene at
140 °C for 10 min, and then precipitating in acetone at room
temperature. This procedure was repeated twice to completely
remove any unreacted PETA monomer and co-polymerized
PETA. Finally, the unpurified and purified LCB PP samples
(PPO to PP3), and the control samples (PP-1 to PP-3) were
dried overnight in vented oven at 50 °C before measurements.



J Polym Res (2015) 22: 198

Page3 of 16 198

Table 1  Materials and characteristics

Materials Properties

Sources

Isotactic polypropylene (iPP)

2,5-Dimethyl-2,5(tert- butylperoxy)
hexane peroxide

pentaerythritol triacrylate (PETA) /

Bis(1-methyl-1-phenylethyl) peroxide
(DCP)

MFI=3.0 g/10 min(2.16 kg,230 °C), M,=8.0x 10%,
M,,=3.3x10°, Isotacticity>96 %

Ethylene-propylene-diene rubber (EPDM) Mooney viscosity/ML1+4(125 °C)=45,
Density=0.88 g ml™', Ethylene=70 wt%, ENB=0.5 wt%
Half-life time=1 min at 180 °C

Half-life time=1 min at 171 °C

T300, Shanghai Petrochemical Corporation,
China.

Nordel 3745P, Dow Chemical Company,
Shanghai, China

Sinopharm Chemical Reagen, China

Sinopharm Chemical Reagen, China
Sigma-Aldrich Corporation, USA

Preparation of dynamically vulcanized LCB PP/EPDM
blends

The dynamic vulcanization was carried out in a HAAKE internal
mixer (Rheocord 90, HAAKE GmbH, Germany) with a cham-
ber volume of 60 cm®. The mixer temperature was kept at
180 °C. A constant rotor speed of 75 rpm was applied. The
purified LCB PP sample prepared in advance was first added
and then EPDM was introduced in 1.5 min. After mixing for
2 min, cross-linking agent DCP (1 wt % of EPDM) was added
with continuously mixing for 4 min. Four LCB PP samples (PPO,
PP1, PP2 and PP3) were used to blend with EPDM at various
weight ratios. The formulations of samples were listed in Table 3.
The resulting blends were compressed in sheets of 1 mm in
thickness on a hot-stage under a pressure of 10 MPa at 190 °C.

Characterizations
DSC measurements

The quiescent crystallization experiments with a constant
cooling rate were performed using DSC (PYRIS-1, Perkin
Elmer Inc., USA). The samples weighting around 5 mg were
heated up rapidly at a rate of 50 °C min™"' to 200 °C, and then
held at this temperature for at least 5 min to completely erase any
thermal history. After that, the samples were cooled quickly at a

Table 2 Components of LCB PP samples (parts by weight)

rate of 50 °C min " until the temperature reached 180 °C, then
cooled from 180 to 80 °C at the rate of 5, 3 and 1 °C min . All
these processes were executed under nitrogen atmosphere.

Rheological measurements

Rheological experiments were performed using a parallel
plates rheometer (Genemi 200HR, Bohlin, UK), in non-
isothermal steady shear mode with parallel plates geometry
(25 mm in diameter). After holding at 200 °C for 5 min, the
non-isothermal steady shear flow at 0.01 s~ started to operate
on the samples and the temperature was controlled to decrease
from 200 to 180 °C at a rate of 50 °C min ', and then cooled
from 180 to 80 °C at a rate of 5 °C min .

Optical microscope observation

The crystal morphology of non-isothermal crystallization pro-
cess of the dynamically vulcanized blends was observed by an
optical microscope (Leica DMLP, Leica Microsystems
GmbH, Germany) with an automatic hot-stage (Linkam
TH960, Linkam Scientific Instruments Ltd., UK) equipped
with a CCD camera. After holding at 200 °C for 5 min, the
samples were cooled quickly at a rate of 50 °C min™" until the
temperature reached 180 °C, then cooled from 180 to 80 °C at

the rate of 5 °C min .

Samples PP Irganox 1010 2,5-Dimethyl-2,5(tert- butylperoxy) PETA Weight fractions of LCBs
hexane peroxide

PPO 100 0.2 0.1 0 0

PP1 100 0.2 0.1 0.5 0.06

PP2 100 0.2 0.1 1 0.33

PP3 100 0.2 0.1 L5 0.37

PP-1 100 0 0 0.5 -

Pp-2 100 0 0 1 -

PP-3 100 0 0 1.5 -
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Table 3 Formulation and

abbreviation of LCB PP/EPDM Sample LCB PPO LCB PPI LCB PP2 LCB PP3 EPDM DCP
samples (parts by weight)
PP0sEPDM o 90 10 0.1
PP0goEPDM,, 80 20 0.2
PP0,,EPDMs;, 70 30 0.3
PP04EPDMy,4, 60 40 0.4
PP0s,EPDMs5, 50 50 0.5
PP04,EPDMg, 40 60 0.6
PP13,EPDM,, 80 20 0.2
PP14EPDMy,4, 60 40 0.4
PP14,EPDMg, 40 60 0.6
PP24,EPDM,, 80 20 0.2
PP24EPDMy,, 60 40 0.4
PP2,,EPDMj, 40 60 0.6
PP39oEPDM,, 90 10 0.1
PP3g0EPDM,, 80 20 0.2
PP3,0EPDM3;,, 70 30 0.3
PP350EPDMy,, 60 40 0.4
PP35,EPDMs5, 50 50 0.5
PP3,,EPDM¢, 40 60 0.6

Results and discussion
DSC measurements

The DSC cooling curves of the purified and unpurified LCB
PP samples (PP0 to PP3), and the control samples (PP-1 to PP-
3) were shown in Fig. 1. As shown in Fig. 1a, the peak tem-
perature of crystallization (7;.) of unpurified LCB PP samples
increased with the chain branched level. The nuclei density in
LCB PP has bee observed increasing with the chain branched
level [16], which implied that the shift in 7, for LCB PP
samples could be attributed to some new nucleation mecha-
nisms. Our previous work showed that although LCBs in-
creased the chain-folding energy of PP chains thereby hinder-
ing them from folding back into crystal lamellas, this negative
effect on the crystallization rate was offset by the acceleration
in nucleation process in the presence of LCBs [37]. With the
same addition of PETA, the unpurified LCB PP samples had a
similar 7, with the control samples, which indicated a promo-
tion effect of PETA on the nucleation process of iPP. Previ-
ously we proved that the PETA were grafted onto PP back-
bone during the reactive extrusion processing [36]. When
monomer (PETA in our experiments) was used, {3-scission
of iPP was restrained because monomers were grafted onto
iPP backbone, which can stabilize iPP macroradicals. There-
fore, the effect of the less likely chain 3-scission caused by
DCP on crystallization behavior of iPP was neglected in pres-
ent research. To further verify the effect of LCB on crystalli-
zation behavior, the purified grafted samples were compared
with linear PP samples. The purification process would
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remove the unreacted PETA monomers and co-polymerized
PETA, only retaining the grafted PETA in the LCB PP sam-
ples. As shown in Fig. 1b, the crystallization peaks of the
purified LCB PP samples slightly shifted to lower tempera-
tures compared with unpurified samples due to the reduction
in the PETA content. Therefore, combining the results shown
in Fig. 1a and b, as the chain branched level increases, the
crystallization capability of LCB PP is enhanced rather than
weakened in the presence of LCB structures, or more explic-
itly speaking, the existence of the grafted PETA on the back-
bone of LCB structures is the main reason that enhances the
crystallization capability of LCB PP.

The influences of the component of LCB PP along with its
degree of long chain branching, and the content of EPDM on
the crystallization behaviors of the blends of PP/EPDM were
estimated by the variations of their thermal properties from
DSC measurements. Figure 2 showed the thermograms of
the four dynamically vulcanized PP/EPDM blends (PPO/
EPDM, PP1/EPDM, PP2/EPDM and PP3/EPDM) with dif-
ferent weight fractions of long branched chain (0, 0.06, 0.33
and 0.37, corresponding to PPO, PP1, PP2 and PP3, respec-
tively) at three weight ratios of PP to EPDM (40/0, 60/40 and
80/20). It was found that the existence of LCB PP component
significantly increased the 7. of the blends, and that at a certain
concentration of EPDM, T, increased with the degree of long
chain branching (here, i.e., the weight fraction of LCBs in PP).
As shown in Fig. 3, the appearance of LCBs in PP increased 7.
sharply, when the weight fractions of LCBs were less than
5 wt %. However, further rise of LCBs content only slightly
increased 7. In addition, the values of 7, of the three LCB PP/
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Fig. 1 DSC cooling curves of the purified and unpurified LCB PP
samples, and the control samples at the cooling rate of 5 °C min "'
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EPDM blends were much higher than that of PPO/EPDM
system. Considering that EPDM is an amorphous polymer,
the broad crystallization peak is mainly related to the contri-
bution of PP crystallization; this fact strongly implies that the
crystallization of the PP in blends is promoted by LCBs and
that the nuclei induced by LCB structures can form at a higher
temperature, resulting in the increase of 7.

Optical microscope observation

It is obvious that PP3/EPDM blends are able to form crystals
much earlier than PPO/EPDM blends. At the same weight
ratio, the nuclei density in PP3/EPDM was much higher than
that in PPO/EPDM even though the corresponding micro-
graphs were taken at a relatively higher temperature. This
result confirmed the nucleation effect of LCBs as observed
in DSC experiments (Figs. 2 and 4). For LCB PP/EPDM

blends, it is difficult to observe the spherulite growth process
because this process becomes very short. Taking into account
that the effect of LCBs on the spherulite growth process is not
distinct, the LCBs are considered to promote the overall crys-
tallization process by accelerating the nucleation process and
increasing nucleation density.

However, for a certain linear or LCB PP/EPDM blend, the
influence of EPDM content on the crystallization behavior of
the blend showed a differently special feature. Figure 4c
shows the evolution of 7, of linear PPO/EPDM and LCB
PP3/EPDM blends as a function of EPDM content at some
more weight ratios, respectively. The blend of PP3/EPDM
displays a completely different crystallization behavior from
that of PPO/EPDM system. For PP3/EPDM, the T, first de-
creases then increases showing a minimum at ca. 30 wt %
whereas the 7. of PPO/EPDM blend increases with the EPDM
content and then decreases showing a maximum at ca. 50 wt
%. In fact, results from optical microscopy (Fig. 5) also shed
light on these different crystallization behaviors. To investi-
gate the influence of EPDM content on the nucleation process
of PP matrix quantitatively, the numbers of nuclei in the view
field (V) for PPO/EPDM at 130 °C and PP3/EPDM at 135 °C
were listed in Table 4. Considering that EPDM is an amor-
phous polymer, and the changed content of the semi-
crystalline polymer PP in the blends, the nuclei density (D)
in PP matrix in the view field could be roughly calculated as
follows:

N

D=—
x-A

(1)
where 4 is the area of view field and x is the volume fraction
of PP component. The calculated values of D were listed in
Table 4.

For the blends of PPO/EPDM, at the very beginning of
crystallization, the values of N and D increased with the added
content of EPDM. However, the overall crystallization rate for
the blend at 60:40 (Fig. 5e) is higher than that for the blend at
40:60 (Fig. 5f). For PP3/EPDM blends, it is obvious that the
value of N decreased with increasing EPDM content, while
the value of D increased with increasing EPDM content. The
overall crystallization rates for the three weight ratios are not
so different (Fig. 5g ~ 1). These phenomena indicate that the
crystallization behavior of PP is influenced by the combined
effects of long chain branching and the addition of EPDM.

Rheological measurements

To investigate and furthermore confirm the special non-
isothermal crystallization behavior of the dynamically vulca-
nized blends, rheological experiments were also performed.
The evolutions of steady shear viscosities, 7(?), with tempera-
ture were measured under weak shear flow at a low shear rate
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Fig. 2 DSC cooling curves of dynamically vulcanized LCB PP/EPDM blends at various weight ratios: (a) 40:60, (b) 60:40 and (c) 80:20 at a cooling
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of 0.01 s~'. The normalized VISCOSIty, 7,0rm» Was defined as
follow:

Thorm = (1(2)=1(0)) / (1n(max)=n(0)) (2)

where 7n(max) is the max value of 7(z) and n(0) is the minimum
value of 7(z). The normalized viscosities curves for dynami-
cally vulcanized PPO/EPDM and PP3/EDPM blends were
shown in Fig. 6a and b, in which the sharp increase of the
value of 7,,,,, was mainly caused by the occurrence of crys-
tallization of PP on cooling. The values of peak temperature of
crystallization measured by rheological experiments (7,)
were calculated from second derivative of the normalized vis-
cosities curves.

The evolution of 7, for either PPO/EPDM or PP3/EDPM
blends is in good agreement with that from DSC as shown in
Fig. 4c for comparison, though 7, is smaller in value at the
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Fig. 4 Cooling curves of PPO/EPDM (a) and PP3/EPDM (b) blends at various weight ratios and (¢) peak temperature of crystallization of PPO/EPDM
and PP3/EPDM blends measured by DSC and rheology, respectively, as a function of content of EPDM

same weight ratio. Here the differences in the crystallization
temperatures between rheological and DSC measurements
should be attributed to the different sensitivities and detection
mechanisms of rheological and DSC tests. DSC can detect the
exothermic signals at the very beginning of crystallization, but
the rheometer can only respond when the crystals grow bigger
and more enough to result in a detectable increase in viscosity.

During the dynamic vulcanization process, the existence of
PP-co-EPDM graft copolymer has been proved [4, 11]. The
addition of EPDM in PP will accelerate the nucleation process
and increase nucleation density due to the decrease in the
surface free energy and due to the heterogeneous nucleation
at the EPDM surfaces [13, 14]. However, the EPDM compo-
nent can also inhibit the growth of spherulites and decrease the
spherulite size of PP, due to the incorporation of EPDM into

PP spherulites and the existence of PP-co-EPDM graft copol-
ymers produced in the system [4, 11, 12, 38, 39]. For PP0/
EPDM blends, the nuclei densities were low (as shown in
Fig. 5 and Table 4), and the values of D increased from 645
to 2945 as the EPDM content increasing from 20 to 60 wt %,
indicating that the occurrence of nuclei were mainly induced
by the EPDM surfaces. However, excess EPDM retarded
spherulite growth of PP. This hindrance effect became more
significant when the content of EPDM was larger than 50 wt
%. Especially at 60 wt %, the net effect of EPDM on the
crystallization of PP is that the negative effect of EPDM on
spherulite growth predominates over the positive effect on the
promotion of nucleation, thus resulting in the decrease of 7.
Consequently, a maximum was observed in both 7. and T,
curves (Fig. 4c).

@ Springer



198 Page 8 of 16

J Polym Res (2015) 22: 198

Fig. 5 Optical microscope
micrographs of dynamically
vulcanized PPO/EPDM blends at
weight ratios of (a, d) 80:20, (b, e)
60:40 and (¢, f) 40:60 at 130 °C
and 123 °C, and dynamically
vulcanized PP3/EPDM blends at
weight ratios of (g, j) 80:20, (h, k)
60:40 and (i, 1) 40:60 at 135 °C
and 128 °C (Cooling rate:

5°C min™")

"

(d) PPO/EPDM-80:20 at 123°C

(b) PPO/EPDM- 60:40 at 130°C

(c) PPO/EPDM- 40:60 at 130°C

(f) PPO/EPDM- 40:60 at 123°C

(j) PP3/EPDM-80:20 at 128°C

For LCB PP/EPDM blends, the nucleation induced by
LCB structures played a dominant role when the content of
LCB PP was high enough (as shown in Fig. 5 and Table 5).
The nucleation effect of LCB was prominent in PP blends so
that the promotion effect of EPDM on the nucleation of LCB

Table4 The values of N and D for PPO/EPDM samples at 130 °C and
PP3/EPDM samples at 135 °C

Weight ratios N D (number mm )

PPO/EPDM  PP3/EPDM PPO/EPDM  PP3/EPDM

80/20 48 1068 645 14,416
60/40 81 805 1462 14,566
40/60 108 655 2945 17,867
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(h) PP3/EPDM- 60:40 at 135°C (i) PP3/EPDM- 40:60 at 135°C

(k) PP3/EPDM- 60:40 at 128°C (1) PP3/EPDM-40:60 at 128°C

PP can be ignored at low EPDM concentrations. The main
effect of EPDM at such a condition was the inhibition of the
spherulites growth of PP through the interactions between
EPDM and PP molecules. Furthermore, when the weight frac-
tions of LCBs continually decreased as components of EPDM
increased in the blends (as shown in Table 5), the negative
retardation of EPDM for PP crystallization became obvious
gradually. As a result, the overall crystallization capacity for
PP3/EPDM blends decreased as more and more EPDM were
added, which can be reflected form the motion trail of crystal-
lization peak on the DSC curves of PP3/EPDM blends. The
crystallization peak tended to locate at a lower temperature as
the EPDM content was increased as seen in Fig. 4b. However,
the decline of crystallization capability was not unlimited.
When the weight fraction of EPDM went beyond a certain
amount (ca. 30 wt % in the present work), the inducing
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Fig. 6 Normalized viscosity of (a) dynamically vulcanized PPO/EPDM
and (b) PP3/EPDM blends at various weight ratios as a function of
temperature

nucleation effect of EPDM cannot be ignored. The value
of D increased up to 17,867 as the EPDM content reached
60 wt %, rising by ca. 20 % compared with that at 20 wt

% or 40 wt % EPDM content. At this high content of
EPDM, the rapid increase in the nuclei density indicated
that the nucleation can form at a higher temperature,
namely, 7. shifting to a higher temperature. As a result,
it is not surprised to see a minimum in shown in Fig. 4c.
Here it must be noted that this increase should also be of
limitation because the hindrance effect of EPDM always
exists in the system as already clearly revealed for PP0/
EPDM blends at high content of EPDM. Therefore, for
the LCB PP/EPDM blends in which both components of
LCB and EPDM exist, the existence of LCB accelerates
the nucleation process of PP, however the EPDM compo-
nent can accelerates the nucleation process through inter-
face induction and inhibit the spherulite growth of PP at
the same time by molecular interaction. This should be the
reason that results in different features of the crystalliza-
tion behaviors of the two kinds of blends of linear PP/
EPDM and LCB PP/EPDM. The acceleration of LCB PP
to the nucleation process seems to be more effective than
that of EPDM, which might be related to lower activation
energy of nucleation for the nucleation induced by LCB
PP.

Non-isothermal crystallization kinetics

To describe the non-isothermal crystallization kinetic of poly-
mers, some analytical methods have been developed based on
Avrami equation [24-26]. Rao and Rajagopal proposed a gen-
eral quiescent crystallization model based on thermodynamic
theory of crystallization kinetics to study non-isothermal crys-
tallization behavior of polymer melts [35]. According to Kim
[40] and Choe [41], the crystallization rate ¢v can be calculated
by using a linear combination of homogeneous and heteroge-
neous nucleation terms:

&= &y + o (3)

where ¢ and ¢, represent the rate of crystallization induced
by homogeneous and heterogeneous nucleation, respectively.
For blends system, the heterogeneous nucleation term was

Table 5 7, and weight fractions

of LCBs for PPO/EPDM and PP3/ Weight ratios PPO/EPDM PP3/EPDM

EPDM blends at various weight

ratios at the cooling rate of T(°C) Weight fractions of LCBs (wt%) T.(°C) Weight fractions of LCBs (wt%)

5°C min !
100/0 121.6 0 129.6 37.0
90/10 121.9 0 128.8 333
80/20 122.0 0 128.2 29.6
70/30 122.4 0 127.6 259
60740 1233 0 128.1 222
50/50 1242 0 129.5 18.5
40/60 1225 0 129.9 14.8
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Table 6 Parameters in modified Rao Model for dynamically vulcanized LCB PP/EPDM blends with different cooling rates

Parameters I m N k / k k> k3 m
B
PP1/EPDM- 1 °C min™! 88.6084 1.9792 3.8738 0.8435 0.8775 0.0010 0.6920 2 406.4
80720 3 °C min”" 67.6545 1.9244 3.5495 0.6755 0.7524 0.0086 0.3781 2 401.8
5°C min"" 70.1138 1.9800 3.5155 0.6192 0.7523 0.0168 0.2743 2 399.5
PP1/EPDM- 1 °C min™"' 81.1957 1.9396 3.7956 0.9703 0.8687 0.0012 0.4535 2 407.0
60/40 3 °C min”" 74.1059 1.9541 3.6422 0.6465 0.7919 0.0090 0.3415 2 402.5
5°C min"! 68.8204 1.9623 3.5089 0.6287 0.7702 0.0165 0.2743 2 400.2
PP1/EPDM- 1 °C min™" 72.0561 1.8504 3.7421 1.0443 0.9182 0.0007 0.2478 2 405.4
40/60 3 °C min”! 64.7707 1.8776 3.5454 0.6857 0.8134 0.0046 0.2378 2 403.8
5 °C min! 64.2126 1.8826 3.5103 0.6671 0.7943 0.0109 0.2081 2 402.0
PP2/EPDM- 1 °C min”! 55.8345 17672 3.4876 0.9525 0.9257 0.0017 0.8889 2 406.6
80/20 3 °C min”' 78.7129 1.9850 3.6898 0.6397 0.7591 0.0097 0.3359 2 4023
5°C min”! 73.5378 1.9983 3.5649 0.5855 0.7688 0.0174 0.3415 2 400.1
PP2/EPDM- 1 °C min"! 62.7212 1.7983 3.6146 1.0371 0.8436 0.0013 1.1834 2 407.1
60/40 3 °C min”" 70.9407 1.9351 3.6038 0.6615 0.7796 0.0091 0.3359 2 403.0
5°C min”" 72.9884 2.0105 3.5197 0.6816 0.7226 0.0169 0.3005 2 400.6
PP2/EPDM- 1 °C min”"’ 60.8939 1.8000 3.5694 0.9703 0.8793 0.0008 0.4058 2 406.4
40/60 3 °C min”" 49.6210 1.7624 3.3296 0.6125 0.8435 0.0061 0.4132 2 404.1
5°C min”" 55.4630 1.8525 3.3493 0.6275 0.7722 0.0127 0.2914 2 402.0
PP3/EPDM- 1 °C min" 100.655 2.0224 3.9984 0.8737 0.8733 0.0019 0.4535 2 407.7
80720 3 °C min”" 62.2464 1.8850 3.4769 0.7699 0.6718 0.0099 0.2551 2 403.0
5°C min”" 77.9603 2.0221 3.6461 0.5800 0.7770 0.0185 0.2386 2 400.5
PP3/EPDM- 1 °C min" 74.8436 1.8982 3.7361 0.9643 0.8698 0.0014 0.4535 2 407.5
60/40 3 °C min”" 51.4631 1.8039 3.3081 0.7805 0.7341 0.0106 0.3781 2 4034
5 °C min”! 67.2489 1.9725 3.4539 0.6407 0.7820 0.0168 0.2743 2 401.1
PP3/EPDM- 1 °C min™* 66.8666 1.8187 3.6804 0.9536 0.9677 0.0008 1.6529 2 408.5
40/60 3 °C min”! 57.4870 1.8304 34377 0.7153 0.7618 0.0065 0.3415 2 404.5
5°C min"! 582183 1.8646 3.4094 0.6104 0.7460 0.0138 0.2743 2 402.4

ignored by Rao model, and ¢; can be calculated by Rao mod-
el. Based on the first and the second law of thermodynamics,
the simplified Rao model can be expressed as follows:

0 " n k l
i = 1( 21 (1, 1) ) (L)@ (-2) @
T (Ty, +T) 7° g @
where I, m, n, k, and [ are constants, 721 and T, refer to the
equilibrium melting temperature and the glass transition tem-
perature of materials, respective, and « represents the degree
of crystallinity at temperature 7 while o stands for the ulti-

mate absolute crystallinity.
Assumption that

& = kyexp [—kz(r—u)ks} (5)

where &, ky, k3 and o are constants, k; is the crystallization
kinetics constant for &, and p is related to the inducing

@ Springer

temperature of heterogeneous nucleation. According to
Eqgs. (4) and (5), the crystallization rate of polymer blends ¢
can be obtained by the following equation:

_ 27(1-1) \" (T—Tg>" ( a >k< a )’
a=1 — 1-—
T9(7% +7) 7° o o

+ke'xp [*kz(T*u)kﬂ

(6)

This modified Rao equation was used to model the non-
isothermal crystallization of polymer blends.

For the convenience of solving Eq. (6), the second term is
ignored temporarily. The relative degree of crystallinity, X, is
the ratio of « and . And then the & can be expressed as
follows:

@ . dX

X =— -
(e - @ dt

(7)
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Fig.7 Plots of relative crystallinity versus temperature and crystallization rate versus temperature for dynamically vulcanized LCB PP/EPDM blends at

different weight ratios and a cooling rate of 5 °C min' predicted by modified Rao Model

This quiescent crystallization equation can be modi-
fied in order to describe non-isothermal crystallization

[29, 30, 42]. For non-isothermal crystallization at a cho-
sen cooling rate, the relative crystallinity, X, is a

@ Springer



198 Page 12 of 16 J Polym Res (2015) 22: 198

04
1.0 1 Experimental data: (a) ] Experimental data: °© (b)
] o PP1/EPDM-80/20 ©  PP1/EPDM-80/20 .
& PP1/EPDM-60/40 034 °  PP1/EPDM-60/40
_ 08 v PP1/EPDM-40/60 = = PP1/EPDM-40/60
= =)
£ | Modified Rao Model fit curves: = 1 Modified Rao Model fit curves:
8 064 1—— PP1/EPDM-80/20 2 1—— PP1/EPDM-80/20
g ——>— PP1/EPDM-60/40 s 024 ——2——PP1/EPDM-60/40
&) 1 ——3—— PP1/EPDM-40/60 8 —3—— PP1/EPDM-40/60
2 04 g ]
© =
e E g 014
0.2 5 ]
o |
1 . 1 3°C min
0o  3'C min 0.0
T T T T T T T T T T
390 400 410 420 390 400 410 420
Temperature (K) Temperature (K)
1.0
1.0 (C) ] Experimental data: (d)
PP2/EPDM-80/20
1 Experimental data: 0sd - PP2/EPDM-60/40
0.8 °  PP2/EPDM-80/20 = + PP2/EPDM-40/60
>0 3 o PP2/EPDM-60/40 g |
£ ¢ PP2/EPDM-40/60 S 4| Modiied Rao Model fit curves:
8 o ) . PO 1 PP2/EPDM-80/20
g 0.6+ Modified Rao Model fit curves: § 2 PP2/EPDM-60/40
S —— PP2/EPDM-80/20 = 1 ——3——PP2/EPDM-40/60
- 1 ——>—— PP2/EPDM-60/40 S
Z 04 ——3—— PP2/EPDM-40/60 g 044
© =
g E
02 5 o2
| 3°C min"
0.0 0.0+
T T T T T T T T T
390 400 410 420 390 400 410
Temperature (K) Temperature (K)
1.0
4 Experimental data:
1.0 — (e) )
. , o PP3/EPDM-80/20
] B et 20 084 © PP3/EPDM-60/40 )
0.8+ o PP3/EPDM-60/40 -4 | ¢ PPS/EPDM-40/60
> | 3 o PP3/EPDM-40/60 E 06 Modified Rao Model fit curves:
£ ‘ - ) . 8 07 1 PP3/EPDM-80/20
5 06 o R e oy g | ——2——PP3/EPDM-60/40
® - g ——3—— PP3/EPDM-40/60
2 | ——>—— PP3/EPDM-60/40 2
(@) ———3—— PP3/EPDM-40/60 g 044
o 04 =
2 3
© ] 2
& 02 5 0.2
1 0 | 30C m
3°C min
0.0 0.0
T T T T T T T T T T
390 400 410 420 390 400 410
Temperature (K) Temperature (K)

Fig. 8 Plots of relative crystallinity versus temperature and crystallization rate versus temperature for dynamically vulcanized LCB PP/EPDM blends at
different weight ratios and a cooling rate of 3 °C min™' predicted by modified Rao Model
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Fig. 9 Plots of relative crystallinity versus temperature and crystallization rate versus temperature for dynamically vulcanized LCB PP/EPDM blends at
different weight ratios and a cooling rate of 1 °C min™' predicted by modified Rao Model

function of crystallization temperature, and Eq. (7) can

be rewritten as . p

/ (dH./dT)dT

X =2

Ty

/ " am. jar)ar

0< X <1

(8)

where 7'is the crystallization temperature, 7 and 7, represent
the onset and end crystallization temperatures, respectively.
Assumption that:

d
3 T

=4+ —
dt

©)
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where [ refers to the rate of temperature changing (heating to
take positive and cooling to take negative). By substituting
Egs. (7) ~ (9) into Eq. (4), the following expression of Rao
model can be obtain:

0 _
iﬁﬁ{zl( 21(7,,T) ) (T T ) xta-x)" (10

7979, +T) 7

Equation (10) in logarithm is as follows:

0_
In (iﬁ%) = In/ + mln (%)

T-T
+nln< T0g> + klnX + /In(1-X)  (11)

The values of constant parameters /, m, n, k, and [ can be
calculated by using least square method according to Eq. (11).
By substituting these values into Eq. (6), the values of &, k>,
k3 and p can be obtained. The detailed values of these param-
eters were listed in Table 6. The simulation results of modified
Rao model were shown in Figs. 7, 8 and 9.

From the Figs. 7, 8 and 9, obviously, for all of the blends
at various weight ratios and cooling rates, the predictions in
terms of our modified Rao model are in good agreement
with the experimental data. It is also found that, for the same
blending system at the same weight ratio, the values of p
decrease with the increase of cooling rate. For the different
blending systems at the same weight ratio, the values of p
increase with the increase in the content of LCBs, suggest-
ing that the addition of LCBs shorten the induction time of
PP crystallization. For the same blending system at the same
weight ratio, the values of k; increase with the increase in
the cooling rate. For the different blending systems with the
same weight ratio, the values of &; increase with content of
LCBs, indicating that the addition of LCBs improves the
crystallization kinetics of PP, acting as heterogeneous nucle-
ating agents.

Conclusions

The present work clearly indicates that there are three kinds of
crystallization patterns in the LCB PP/EPDM blends: the ho-
mogeneous nucleation and crystallization of linear PP, the
crystallization induced by LCBs in the PP matrix, and the
crystallization induced by EPDM component on the phase
interface. The above proposed mechanism is schematically
described in Scheme 1. For linear PP, the molecular chains
are much easier to orientate and grow into spherulites with
big sizes. In contrast, the spherulites induced by LCBs are
much smaller having a faster nucleation rate that results in a
large nucleation density due to the promotion effect of the

@ Springer
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Scheme 1 Crystallization patterns for dynamically vulcanized LCB PP/
EPDM blends: (a) melting state of dynamically vulcanized LCB PP/
EPDM blends and (b) crystallized state of dynamically vulcanized LCB
PP/EPDM blends

formation of stable crystallization precursor structures. EPDM
component promotes nucleation process but also limits the
activities of PP molecules due to the copolymeric structures
of PP-co-EPDM. The relationship among the three crystalli-
zation patterns is competitive and the dominant pattern de-
pends on the relative content of LCBs and EPDM in the
blends. For the PPO/EPDM blends, there are only two crystal-
lization patterns because of the lack of LCBs of PP, which is
the essential reason that causes the different crystallization
behaviors between linear PP/EPDM and LCB PP/EPDM
blends.

Both LCBs of PP and EPDM can induce the nucleation and
improve the crystallization kinetics of PP. The addition of
EPDM slows down the growth of PP crystals due to the in-
corporation of EPDM into PP spherulites and the existence of
PP-co-EPDM graft copolymers produced in the blends. The
combined effects of LCBs of PP and EPDM component make
the linear PP/EPDM and LCB PP/EPDM blends exhibit dif-
ferent crystallization behaviors.
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